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It was learned that 99 % degradation rate of carbamazepine (CBZ) (75 mg/L) in solutions was got under 
10 kGy by EB (electron beam) irradiation while 15.74% and 96.02% CBZ (2 mg/L) degradation rate was got by 
UV and UV/H;0, process in 180 min. EB-radiolysis was thought to be an efficient and energy-saving method 
to decompose CBZ in comparison of energy consumption between EB irradiation and UV/H,O,. Alkali metal 
cations which existed in surface water have little inhibition on the degradation of CBZ under EB and UV/H,O, 
process. The anions usually existed in surface water had little suppression on EB-radiolysis of CBZ, while have 
an inhibition on UV-photodegradation of CBZ. Fe** promoted the degradation under EB irradiation and UV 
(ultraviolet) irradiation because of being the OH- promoter. In addition, Fe’* hugely enhanced the degradation 
of CBZ under UV irradiation. On the basis of the intermediates’ appearance during the radiolysis, the main 
degradation pathway for the mineralization of CBZ was proposed under EB irradiation. It came to a conclusion 
that EB-radiolysis was an efficient and energy-saving method to completely mineralize CBZ. 
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I. INTRODUCTION 


Carbamazepine (CBZ) was widely consumed psychotrop- 
ic pharmaceutical, and is most commonly detected persistent 
pharmaceuticals in the environment [1]. It impacts not only 
the surface water but also the groundwater [2]. Its concentra- 
tion can be up to 6.3 ug/L in wastewaters, 1.1 ug/L in surface 
waters and 30ng/L in drinking water. [3] It was refractory 
to both conventional and advanced wastewater treatment pro- 
cesses. [4, 5] And it can affect organisms greatly [5]. 

Transformation of carbamazepine by different means has 
been reported, such as by biotechnology [5—10] and advanced 
oxidation processes (AOPs). However, the traditional oxida- 
tion processes are not always completely mineralized. Hu 
reported only 7% removal efficiency of CBZ by convention- 
al wastewater treatment [11], and Tixier found only a slight 
elimination through phototransformation [12]. 

Electron beam (EB) treatment is an advanced oxidation 
processes [13], being efficient, safe, simple and completely 
mineralized for organic pollutants, especially for the thorough 
decomposition of biorefractory compounds [14-19]. In EB- 
radiolysis, water is degraded into hydroxyl radical (OH-), hy- 
drogen radical (H-), and hydrated electron (ezg) with different 
G-values (umol/J), and OH. and ezg are the main active 
species [20]. 

In this paper, EB-radiolysis and UV/H,O, degradation of 
CBZ in pure-water are performed to compare their degrada- 
tion efficiency and energy consumption. As various ions are 
generated in surface water, a study is needed on the effect 
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on degradation of carbamazepine of EB and UV/H,O, treat- 
ments. The transformation path of CBZ in EB irradiation of 
water is proposed. These shall be of help in finding the best 
method to dispose pharmaceutical and personal care products 
(PPCPs) in surface water. 


II. MATERIALS AND METHODS 
A. Materials 


CBZ (> 98%), methanol (HPLC grade), and acetoni- 
trile (LCMS grade) were obtained from Sigma-Aldrich. 
Formic acid (HCOOH), acetic acid (CH,COOH), oxalic acid 
(H,C,0,), NaCl, Na,SO,, NaHCO, CaCl,, MgCl, Fe,SO,, 
Fe,(SO,)3, FeCl, and FeCl, were purchased from Shanghai 
Chemical Reagent Co., Ltd. All chemicals were of analyti- 
cal grade unless otherwise stated. The pure water (resistance 
> 18.2MQ) was prepared by filtering through a Millipore 
Milli-Q system. The surface water was collected from a local 
river and the 0.22 um filters was used to filter the degrada- 
tion water. All experiments were performed at temperature of 
20 + 2°C. 


B. Photo irradiation procedure 


A merry-go-round photochemical reactor (Sidongke Elec- 
tric Plant, Nanjing, China) coupled with a max of 12 quartz 
tubes containing the reaction solution was used for the pho- 
todegradation experiments. The total volume of the tube was 
100 mL and the liquid layer thickness was 35 mm. UV (ultra- 
violet) light irradiation from a 300 W high-pressure mercury 
lamp with 254nm wavelength immersed in the circulated- 
water cooled quartz well were employed in the photolysis 
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experiments. The light intensity was 9 W and the cell path 
length was 2cm. The temperature inside the reactor was kept 
at 20 + 2°C by a water-cooling jacket. 


C. EB irradiation 


The samples were irradiated to 0.5, 1, 2, 5, 10 and 20 kGy 
at ambient temperatures by 1.8 MeV electron beams of up to 
10 mA from an electron accelerator. The samples were placed 
at 30 cm under the beam scanner. 


D. Analytical methods 


A high performance liquid chromatography (H- 
PLC, Agilent 1200 series), consisted of C18 column 
(150mm x 4.6 mm) and an auto-sampler with 10 uL volume 
injection, was used to detect CBZ concentration at 230nm 
by a VWD detector. The mobile phase was a mixture of 
methanol and water (55:45, v: v) at rate of 1.0 mL/min. 

Organic acids, nitrate and nitrite ammonium ions produced 
by EB-radiolysis were detected by ICS1100 (Dionex). A 
hydrophilic anion exchange column was IonPac As22 (an- 
alytical, 4mm x 250mm). The eluent mixed with 4.5mM 
Na,CO; and 1.4mM NaHCO, at 1.20 mL/min flow rate and 
the injection volume was 25uL. The suppressor was An- 
ion Self-Regenerating Suppressor (ASRS 300 4mm under 
AutoSuppression Recycle Mode at 31 mA. A hydrophilic 
cation exchange column was IonPac CS12A (analytical, 
4mm x 250mm). The eluent was methanesulfonic acid 
(20mM) at 1mL/min flow and the injection volume was 
25uL. The suppressor was Cation Self-Regenerating Sup- 
pressor (CSRS ULTRA II, 4 mm) under Auto-Suppression 
Recycle Mode at 59 mA. 

Other by-products of CBZ by EB-radiolysis were mon- 
itored by LC/MS/MS using an Agilent 1260LC chromato- 
graph coupled to an Agilent 6460 mass spectrometer with 
electron spray ionization (ESI) interface and a heated nebu- 
lizer. A Porshell 120 100mm x 3mm EC-C18 end-capped 
column (2.7 um particle size) was used at the flow rate of 
0.4mL/min. The injection volume was 10uL. The mobile 
phase was a mixture of acetonitrile (A) and 0.1 % HCOOH in 
water (B). The gradient was operated from 5% to 95% A for 
8 min from 95% to 100% A for 2 min, held at 100% for 2 min, 
and back to the initial conditions in 3.5 min. Mass spectrom- 
etry full scanning analysis was performed in the range of 50- 
500 m/z. For positive electron spray ionization, ESI (+), the 
operation conditions of the source were: capillary voltage, 
4000 V; nebulizer pressure, 40 psi (0.28 MPa); drying gas 
flow, 8 L/min at 300 °C; and nozzle voltage, 0 V. For negative 
electron spray ionization, ESI (-), the operation conditions of 
the source were: capillary voltage, 3250 V; nebulizer pres- 
sure, 40 psi; drying gas flow, 7 L/min at 350°C; and nozzle 
voltage, 500 V. 

Total organic carbon (TOC) was determined using a TOC 
analyzer (multi C/N 2100, Analytik Jena AG). 
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Ill. RESULTS AND DISCUSSION 


A. UV-photodegradation and EB-radiolysis of CBZ in 
pure-water 


As shown in Fig. 1, only 15.74% CBZ (2mg/L) was 
degraded after 180-min UV radiation; and 96%, under 
UV/H,O,; and 99.9% CBZ (75 mg/L), under 10-kGy EB irra- 
diation. So, CBZ was refractory to degrade under UV irradia- 
tion only, and the existence of H,O, in solution promoted the 
CBZ degradation; while EB-radiolysis is an efficient method 
to degrade CBZ, which was reported by Kwon et al [16], too. 
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Fig. 1. Degradation of CBZ in pre-water by EB, UV and UV/H,0, 
treatments (pH =6.3, no pH adjustment). 


The EB-radiolysis enhancement is due to a large amount 
of free radicals of hydroxyl (H-) and hydrogen (OH-), and 
hydrated electrons (ezg) generated during EB irradiation [20] 
at different G-values (umol/J) (Reaction I). As well known, 
OH., e,, and H: are high reactive radicals to react with organ- 
ic compounds and cause degradation. The OH- is an active 
particle with oxidation potential (Hy = 2.8 V), with strong 
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TABLE 1. Pseudo first order reaction rate k, coefficient of determination R? and energy consumption per molar Q for EB radiation and 


UV/H,0Os;, at EB-radiolysis efficiency Do. 90, photolysis time To.90 (min) 


CBZ/ mg L“! EB, pH = 6.3, 20°C UV/H,03, [H,O,]=20 mM pH = 6.5, 20 °C 

kı /kGy~* R? Doso /kGy = Qi /Jmol~+ ko /min~* R? To.90(min) Q2/J mol ~+ 
20.0 4.902 0.9941 0.470 110.9 1.20 x 1073 0.9945 1918 1.00 x 101° 
25.0 4.275 0.9978 0.539 127.2 5.64 x 1074 0.9956 4083 1.71 x 101° 


oxidative ability to oxidize organic compounds in aqueous 
solutions, while e}, and H- are of strong reductive ability to 
deoxidize the targeted organic substance, with the e,, having 
a strong reductive ability (Hy = —2.9V) to effectively de- 
halogen the halogenated organic compounds [14]. 

The photooxidation of organic substances was using the 
line source spherical emission model which was proposed by 
previous authors in similar studies [22]. Similar to the above, 
when 90 % CBZ was degraded, the consumption energy Q2 
(J/mol) could be calculated by following Eq. (1). 


Q2 = (To.9L(0,4)M)/(ACL), (1) 


where Jo, à (Einstein/(L-s)) is the intensity of the incident light 
at 253.7: 9 w, To.9 is the time when 90% CBZ is degraded, 


H,O — (0.28)OH- + (0.27)ex, + (0.06)H - + 


H,O, +hv > 20H. (D 
OH- +OH. > H,O, ŒD 
H,O, +OH- >HO,-+H,O (IV) 


B. Comparison of EB-radiolysis and UV/H,O, 
photodegradation efficiency on CBZ degradation 


For understanding energy consumption of the EB radia- 
tion and UV/H,O, treatments, CBZ initial concentrations of 
20 mg/L and 25 mg/L were used, with the initial pH of the 
solutions being 6.3. Degradation of CBZ at different initial 
concentrations by EB and UV/H,O, treatments follows well 
the pseudo-first-order kinetics 


In(C/Co) = —ke, (2) 


where, C and Co are the residual and initial concentrations 
of CBZ in mg/L, respectively; k is the pseudo-first order 
rate constant for overall degradation rate of CBZ; and x is 
the absorbed dose (kGy) of EB irradiation or time (min) of 
UV/H,O, process. Table 1 shows the fitted k of initial con- 
centrations. 

Generally, the Doo (kGy) was used to represent the need- 
ed absorbed dose that the degradation efficiency was 90 % in 


M is molecular mass of carbamazepine (236.27 g/mol), AC 
is the concentration variation at 90 % CBZ degradation and L 
is the volume of CBZ solution (1.350 L). 


The low percent of CBZ UV-photolysis in the UV treat- 
ment suggested that CBZ might degrade slowly. The nu- 
merous oxydic free radicals produced in the UV/H,O, pro- 
cess (Reaction l- IV) react effectively with organic pollu- 
tants. [21] The results indicated that the removal of CBZ in 
UV/H,O, system is probably controlled by the amount of 
hydroxyl radicals available. Therefore, EB irradiation and 
UV/H,O, process are efficient methods to decompose the re- 
fractory pollutant organics, and EB irradiation is simple and 
convenient without adding any oxidizing agent. 


(0.05)H, + (0.07)H,0, + (0.27)H+ Œ 


EB degradation. Then, we defined the Q‚ (J mol) which the 
consumption energy of 90% CBZ was degraded. The equa- 
tion was represented at Eq. (3): 


Qı = Doo, (3) 


where Doo 9 (kGy) is the degradation efficiency at the dose 
point where 90% CBZ is degraded, and M is molecular mass 
of carbamazepine (236.27 g/mol). 

As shown in Table 1, the EB process was more efficient 
than the UV/H,O, process, the latter has a greater Q values 
than the former. A smaller Q means better efficiency and EB 
irradiation is an efficient method for CBZ degradation. 


C. Effect of ions on CBZ degradation 
1. Effect of salts on CBZ EB-radiolysis 


CBZ (75 mg/L) was dissolved in solutions with different 
cations (NaCl, CaCl,, MgCl, and FeCl,, 5mM each) or 
different anions (NaCl, Na,SO, and NaHCO;, 5mM each), 
and was EB-irradiated to check their effects on CBZ degra- 
dation. The experiment was performed three times and the 
coefficient of variation was within 5%. As shown in Fig. 2, 
the Na*, Mg”* and Ca” cations, and Cl, SO and HCO; 
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Fig. 2. Effect of cations (a) and anions (b) in salts on EB-degradation of CBZ ([CBZ] =75.0 mg/L; pH =6.3, no pH adjustment). 


anions, had little impact on EB-radiolysis of CBZ, while Fe** 
promoted the degradation because of being as OH- promoter. 


2. Effect of salts on CBZ photodegradation 


CBZ (2mg/L) was dissolved in salt solution of NaCl, 
CaCl,, Na,SO, and NaHCO; (10mM each). The samples 
were added with 20 mM H,O, and irradiated under a 300 W 
mercury lamp. The sampling intervals were 0, 5, 10, 20, 40, 
60, 90 and 120 min. The experiment was carried out three 
times and the variation was within 2%. 

As shown in Fig. 3, NaHCO; (32.93%) inhibited the CBZ 
degradation more than CI (78.60%) at 120 min. It could be 
that HCO; might react with OH- to produce CO}, which is 
lower in activity than OH- [23, 24]. Being similar to HCO}, 
NaCl and CaCl, had a little inhabitation on the CBZ degra- 
dation, because Cl could also eliminate OH- and competed 
with CBZ for OH.. [25] 


3. Effect of Fe?* and Fe**+ on CBZ photodegradation 


The experiments were conducted by adding 2.0mM 
Fe,SO, and 1.0mM Fe,(SO,)3 into CBZ solution, respec- 
tively, and photodegraded under 300 W UV. Using an initial 
CBZ concentration of 2.0 mg L~! at pH=3, experiments were 
carried out three times and the variation of coefficients was 
within 5%. 

As shown in Fig. 4, the CBZ-removal efficiency increased 
greatly by adding Fe?* and Fet. Because the oxidation of 
Fe(II) to Fe(III) can produce H,O, and OH: (Reaction V-VIID) 
in the presence of O,. Fe(III) ions create hydroxyl radical- 
s under UV irradiation (Reaction IX), and hydroxy] radicals 
react with organic substances and create organic radicals (Re- 
action X). 


1.0 
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0.6 aN 
O 04 m blank ~*~ 
A 10mM Na,SO4 ns 


@ 10mM NaCl 
0.2 v 10mM CaCl, 


< 10 mM NaHCO, 


0.0 


Time (min) 


Fig. 3. Effect of salts on CBZ degradation in UV/[H,O] process 
([CBZ] =2.0 mg/L; [H,O,]=20mM; pH =6.3, without pH adjust- 
ment). 


Fet +0, +hv > Fèt +05 V) 

Fe?’t +O; +2Ht > Fet + H,O, (VI 
Fe?t + H,O, > Fe** + OHT + OH. (VID 
Fet + OH. > Fet +OH7 (VID 

Feet + H,O + hv > Fet +Ht+0H. ŒX) 
OH. +RH > H,O +R- X) 


Therefore, the anions existed in natural water affected 
enormously UV-degradation of CBZ, while they had little 
effect on EB-radiolysis of CBZ. And the alkali metal cations 
had little influence on both UV- and EB-degradation of CBZ. 
The existence of Fe?* could enhance the CBZ degradation. 
So, EB irradiation was a perfect method to degrade the con- 
taminants in solution with various salts. 
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Fig. 4. (Color online) Effects of Fe?+ and Fe?*+ on CBZ degradation 
in UV process ([CBZ]=2.0 mg L~'; pH=3). 


D. Degradation process of CBZ EB irradiation in solution 
with ions 


The intermediates of CBZ dissolved in solution with all 
ions were detected by IC and LC/MS/MS. The organic acids 
were formic, acetic, oxalic, malonic and succinic acid, and 
the inorganic ions were nitrite and nitrate ions detected by IC 
under anion mode and the ammonium ion under the cation 
mode. Nitrite and nitrate ions were disappeared after 15 kGy, 
therefore the organic nitrogen was mainly transformed to am- 
monium ion (NHj) or Nj. Other complex transformations 
were showed in Table 2. 
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Fig. 5. The evolution of TOC and NH} concentration in EB- 
irradiation of CBZ (CBZ 25 mg/L; TOC in the left-Y-coordinate; 
o, NH; in the right-Y -coordinate; [TOC], the residual TOC concen- 
tration; [TOC]o, the initial TOC concentration). 


Figure 5 shows the dose effects on the removal efficiency 
of TOC and the concentration evolution of NH} for CBZ so- 
lutions. At 20 kGy, the residual TOC was about 20%, and the 
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NH} concentration was about 2.01 mg/L. The calculated to- 
tal organic nitrogen was 3.81 mg/L, suggesting that 52.8% or- 
ganic nitrogen might be changed into ammonia nitrogen and 
about 25% of it might be translated into N,. 

On basis of the intermediates’ appearance detected by L- 
C/MS/MS and the variation of ions detected by IC in the ra- 
diolysis, a main degradation pathway for the mineralization 
of CBZ was proposed, as shown in Fig. 6. 

A 20kGy EB-irradiation led to almost mineralized CBZ 
into CO,, H,O and mineral nitrogen, while it took 
a much longer time to mineralize CBZ by UV/H,O,- 
photodegradation than by the EB irradiation. 


oe 
% 
ote EN 
OG F S 
Hydrolysis} OH \ 
Hydroxylation = N p 
A NH2 > HCOOH 
HNCOOH o° NH3 
On rat soo 
| N 
Open the ring 
OH and Sag 
| HO. OH Pp p 
N i H y / 
[0] 4 ` a jj : 


EB 2 OH and aq 


H20 + CO2 +NH4*+ No 


Fig. 6. Proposed radiolysis process of CBZ (25 mg/L) in ion water 
under EB irradiation. 


IV. CONCLUSION 


Comparison of EB-radiolysis and UV-photodegradation of 
CBZ in pure-water, we found that CBZ was easily degraded 
under EB irradiation while was refractory under UV irradia- 
tion. As the degradation rate was promoted markedly under 
UV/H,O, process and OH: played a vital role in the degrada- 
tion of CBZ, the solutions should be set in oxidation system 
when processed the wastewater. EB radiation was an efficient 
method when compared the energy consumption between EB 
irradiation and UV/H,O, process. 

The ions had little influence on the EB-radiolysis of CBZ, 
while an inhibition on CBZ’s degradation under UV/H,O, 
process. Fe’* and Fe** could hugely enhance the CBZ UV 
photodegradation. Therefore, EB irradiation was inferred to 
be an efficient method to degrade the contaminants in surface 
water with various salts. Furthermore, the intermediates of 
CBZ by EB irradiation were detected by LC/MS/MS and IC, 
and CBZ could be completely mineralized into CO, detect- 
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TABLE 2. Intermediates and products detected by LC-MS/MS during EB-radiolysis of CBZ (25 mg/L) 


Code Structure ESI} Precursor ion m/z? >) ESI®MS Remarks 
CBZ 237[M+H]*, 259[M+Na]*, 275[M+K]*, 237, 220, 194° Detected 
I 239[M+H]*, 261[M+Na]*, 277[M+K]* 239, 194° Detected 
Il 253[M+H]*, 275[M+Na]*, 291[M+K]* 253, 236, 210°, 180 Detected 
m 239[M+H]*, 180[M+H]* 180, 152° Detected 


à probable fragment ions from the precursor ions; 
P the most abundant fragment ion. 


ed by TOC analyzer, H,O and mineral nitrogen. It is learned in decompose CBZ and could be applied in disposal of other 
that electron beam is an efficient and energy-saving methods persistent PPCPs. 
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